The term circadian rhythm (from the Latin circa diem, which means 'for about a day') was coined by Halberg to describe endogenous oscillations in organisms that were observed in approximate association with the daily rotation cycle of the Earth 1 . Circadian rhythms are hypothesized to have evolved in aerobic organisms to anticipate changes in environmental oxygen levels driven by photosynthetic bacteria and the solar cycle 2 . They present competitive advantages to organisms, by allowing organisms to handle their energy supply more efficiently and enhancing their ability to survive respiration-associated cycles of oxidative stress. In mammals, it has been estimated that approximately 10% of the genome is under circadian control 3, 4 . Over the past 15 years, evidence for circadian oscillations in components of the immune system has emerged, suggesting that these oscilliations are an integral regulator of these components with the potential to affect disease onset and therapies 5, 6 . Recent studies suggest that the cyclical recruitment of immune cells to tissues can affect disease. Rhythms in tissues appear to be synchronized throughout the organism, but also act locally via sympathetic nerves to orchestrate tissue-specific oscillations in the expression of adhesion molecules and chemokines by endothelial cells 7 . These rhythms are matched by endogenous oscillations in the expression of pro-migratory factors by immune cells, thus increasing the likelihood that the cells will home to tissues at specific stages in the circadian cycle. Additional data point to the importance of the circadian expression of components of the innate immune system in the timing of inflammatory disease onset 8, 9 . In this article, we review the components of the immune system that have been shown to oscillate over the course of a day and discuss the implications of these fluctuations as potential factors mediating the circadian variations in the onset of diseases.
Entrainment of circadian rhythms
In humans, autonomous circadian rhythms span approximately 24 hours in length and need to be synchronized to overlap with the daily rotational cycle of the Earth. The alignment of an organism's endogenous circadian rhythm to an external rhythm is called entrainment. Light patterns represent the principal environmental cue or zeitgeber 10 to align the daily oscillations of the organism. Light anchors the organism in its geophysical time by setting the rest-activity cycle. In addition, it is indirectly responsible for the time of food intake, which is itself another powerful entrainer of rhythm 11 .
The central clock. In opaque organisms, such as mammals, light is processed through the eye and is transmitted via the retinohypothalamic tract to neurons of the suprachiasmatic nuclei (SCN) in the hypothalamus 12 . The SCN are the central clock, the master pacemaker of the organism 13 . Recent excellent reviews have provided a detailed overview of the molecular components that constitute the clock 11, 12, 14, 15 ; the reader is encouraged to consult them, as these concepts are only briefly discussed here.
At the molecular level, the clock consists of multiple sets of transcription factors that result in autoregulatory transcription-translation feedback loops (FIG. 1a) . Expression of the core clock genes BMAL1 (brain and muscle aryl hydrocarbon receptor nuclear translocator (ARNT)-like 1; also known as ARNTL) and CLOCK (circadian locomotor output cycles kaput) -or of BMAL1 and the CLOCK-related gene NPAS2 (neuronal PAS domain-containing protein 2; which is mainly expressed in the forebrain) -results in the heterodimerization of BMAL1 and CLOCK (or NPAS2) in the cytoplasm. This complex then translocates to the nucleus, where it binds to canonical enhancer-box (E-box) sequences of clockcontrolled genes (CCGs) 16 
. In addition, BMAL1 and Clock (circadian locomotor output cycles kaput; or its related gene Npas2 (not shown)) results in the heterodimerization of BMAL1 and CLOCK in the cytoplasm and the translocation of this dimer to the nucleus. These helix-loop-helix transcription factors bind to canonical E-box sequences (CACGTG) in clock-controlled genes (CCGs), driving circadian processes and their own expression. In addition, these factors induce the expression of negative regulators of this cycle, such as PER (period circadian protein) and CRY (cryptochrome), as well as positive regulators, such as retinoic acid receptor-related orphan receptor (ROR) family members. The PER-CRY complex represses the binding of BMAL1-CLOCK to target genes, whereas the binding of ROR to ROR response elements (ROREs) in the Bmal1 promoter induces the expression of Bmal1. After a period of time, the PER-CRY complex is degraded and BMAL1-CLOCK activates another transcription cycle. A second autoregulatory feedback loop is induced by the transcription of REV-ERBα and REV-ERBβ (encoded by Nr1d1 and Nr1d2, respectively). The REV-ERBα-REV-ERBβ complex represses Bmal1 transcription and competes with ROR for binding to ROREs. This pathway stabilizes the clock, and it can also directly drive circadian rhythms. The molecular clock not only depends on transcriptional and translational feedback but is also regulated by rhythms in the post-translational modifications of proteins, such as the oxidation cycles of peroxiredoxins (PRXs), which alternate between oxidized (PRXox) and reduced (PRXred) forms. In addition, the oxidation state of NADPH and NADH can affect the clock; indeed, NADPH and NADH can directly modulate the binding of the BMAL1-CLOCK complex to DNA. b | Circadian rhythms are entrained by external cues, of which light is a major contributor. Light is processed via the retina, leading via the retinohypothalamic tract to the synchronization of rhythms in hypothalamic suprachiasmatic nuclei (SCN), which constitute the master clock of the organism. From here, humoral and neural output systems modulate clocks in peripheral tissues via the hypothalamic-pituitary-adrenal (HPA) axis, setting a common phase. The release of adrenocorticotropic hormone (ACTH) from the pituitary gland probably cooperates with the sympathetic nervous system (SNS) to regulate the rhythmic release of hormones (glucocorticoids, adrenaline and noradrenaline) from the adrenal glands. In addition, the SNS directly innervates tissues, and it can modulate circadian rhythms locally via the cyclical release of noradrenaline from nerve varicosities.
Rest-activity cycle
A species-specific rhythm determined by diurnal (in humans) or nocturnal (in rodents) periods of activity followed by times of rest.
Retinohypothalamic tract
A photic input pathway that connects photosensitive retinal ganglion cells directly to the suprachiasmatic nuclei of the hypothalamus. 17 . Although the transcriptional regulation of these clock genes has long been the paradigm for the control of circadian rhythms, recent surprising observations in red blood cells and algae have revealed that circadian oscillations can also be mediated by rhythmic modifications at the post-translational level in a transcriptionindependent manner 18, 19 . These data indicate that regulation of the clock occurs at many different levels, thereby increasing the stability of the system.
Suprachiasmatic nuclei

Peripheral clocks.
The central clock orchestrates a uniform temporal programme across the whole organism by synchronizing multiple peripheral clocks that oscillate autonomously and exist in virtually all cells, thereby setting a common rhythm (FIG. 1b) . Clocks in peripheral tissues use essentially the same molecular components as the SCN. In the immune system, clocks have so far been reported to exist in various haematopoietic cell lineages, including macrophages and lymphocytes 8, 20, 21 . Rhythmic synchronization of the body occurs indirectly through behavioural rest-activity cycles but also in a direct manner through a complex and incompletely understood interplay between hormones and local autonomic innervation 14, 22 (FIG. 1b) . The key hormones implicated in this process -glucocorticoids and catecholamines (specifically, adrenaline and noradrenaline) -are released by the adrenal gland via the hypothalamic-pituitary-adrenal axis (HPA axis); noradrenaline is also derived from sympathetic nerves. The HPA axis receives input from the SCN via neurons that target the paraventricular nucleus of the hypothalamus, which induces the pituitary to release adrenocorticotropic hormone (ACTH), thus regulating the activity of the adrenal gland 14, 22 . Glucocorticoids act through the glucocorticoid receptor, which is expressed by almost all mammalian cells (except SCN neurons) and can inhibit the synthesis of pro-inflammatory factors and promote the expression of anti-inflammatory mediators 23 . Catecholamines act via α-adrenergic and β-adrenergic receptors, which can have diverse effects on the immune system, including increasing the numbers of neutrophils and natural killer (NK) cells in the blood and boosting humoral immune responses (reviewed in REF. 23 ).
The variety of factors involved in the synchronization of peripheral clocks may secure stability and allow the organism to maintain the overall rhythm even following brief disruptions to environmental (zeitgeber) signals. Indeed, in animals that have glucocorticoid receptor deficiencies or have undergone adrenalectomy, the circadian rhythm is disrupted more easily than in control animals when challenged with out-of-phase zeitgebers 24 . A previously unrecognized but important factor in the synchronization process is the autonomic innervation of tissues and the local release of noradrenaline from nerve varicosities 22, 23 . Although much progress has been made thus far, more studies are needed to dissect the influence of different synchronizing mechanisms at the cellular level in various tissues.
Rhythms in immune parameters
Circulating cellular and humoral elements. Key parameters of the immune system in the blood exhibit circadian rhythms, most strikingly the number of circulating haematopoietic cells, as well as the levels of hormones
Box 1 | Clock-controlled genes
As the molecular clock consists of a set of transcription-translation feedback loops, a substantial fraction of the output is directed at the control of the clock mechanism itself. In addition, many other genes outside the clock machinery are under direct circadian regulation by clock transcription factors, and this drives biological processes in a cyclical manner. These clock-controlled genes contain several important regulatory elements: E-box (enhancer-box) motifs that are binding sites for BMAL1 (brain and muscle ARNT-like 1)-CLOCK (circadian locomotor output cycles kaput) heterodimers; RORE (ROR response element) motifs as binding sites for ROR (retinoic acid receptor-related orphan receptor) and REV-ERB family members; and D-elements as docking sites for PAR bZIP (PAR-domain basic leucine zipper) factors.
In the suprachiasmatic nuclei (SCN), the liver and the heart, up to 10% of expressed genes exhibit circadian regulation 3, 4 . The number of circadian clock-regulated functions is probably higher, as the number of genes does not account for transcription-independent regulation of mRNA and proteins. This does not mean that all transcripts that exhibit circadian fluctuations are direct transcriptional targets of the clock. Rather, the process appears to be hierarchical, in that a clock-controlled gene product (for example, a hormone, transcription factor, transmembrane receptor or enzyme) may serve as an intermediary and drive the expression of other genes or regulate the functions of other proteins.
An example for the immune system is Toll-like receptor 9 (Tlr9), which is under the direct circadian control of BMAL1-CLOCK transcription factors. This renders the whole cell more sensitive to the detection of bacterial DNA at specific times 9 , thereby inducing the circadian expression of genes that under steady-state conditions might be either not expressed or constantly expressed. It is also important to note that only a small percentage of the genes that oscillate in one tissue oscillates in another (although they are expressed), suggesting tissue-specific regulation of the oscillation mechanisms and indicating that these genes are probably controlled in an indirect manner by clock genes. and cytokines 25 . These factors oscillate according to the rest-activity phase of the species, which depends on whether the species is diurnal (such as humans) or nocturnal (such as rodents) (FIG. 2a) . The immune cellular and humoral components in the blood display opposite rhythms. Indeed, the numbers of haematopoietic stem and progenitor cells (HSPCs) and of most mature leukocytes (with the exception of effector CD8 + T cells 26 ) peak in the circulation during the resting phase (that is, during the night for humans and during the day for rodents) and decrease during the active period 25, 27 (FIG. 2;   TABLE 1 ). In addition, HSPCs and mature immune cells are released from the bone marrow into the blood at the beginning of the resting phase 28 . This release is dependent on local sympathetic innervation, which mediates the rhythmic downregulation in the bone marrow of the expression of CXC-chemokine ligand 12 (CXCL12; previously known as SDF1) 28 , a major retention factor for haematopoietic cells in this tissue. This coincides with reduced levels of its receptor CXC-chemokine receptor 4 (CXCR4) on HSPCs 29 , as well as on CD4 + and CD8 + T cell subsets 26 . By contrast, the levels of glucocorticoids (cortisol in humans and corticosterone in mice), adrenaline, noradrenaline and the proinflammatory cytokines tumour necrosis factor (TNF) and interleukin-1β (IL-1β) peak during the onset of the active phase 25, 27 . These observations may have implications for the associations between circadian rhythms and the onset of diseases (see below).
Rhythms in tissue constituents. In contrast to the acrophase of haematopoietic cell numbers in the blood (which occurs during the resting phase), the migration of haematopoietic cells to tissues preferentially occurs during the active phase. Accordingly, in mice, the homing of haematopoietic stem cells (HSCs) and neutrophils to the bone marrow, as well as monocyte recruitment to muscle tissue, peaks at night 7 . Circadian leukocyte migration is regulated locally by sympathetic nerves and is mediated by the rhythmic expression of endothelial cell adhesion molecules and chemokines 7 . Interestingly, adhesion molecule expression is differentially regulated in different tissues. For example, the expression of the bone marrow-homing receptors P-selectin, E-selectin and vascular cell adhesion molecule 1 (VCAM1) oscillates in the bone marrow but not in skeletal muscle, whereas the expression of intercellular adhesion molecule 1 (ICAM1) oscillates in skeletal muscle but not in the bone marrow 7 . This suggests that rhythms in the expression of these adhesion molecules drive the recruitment of haematopoietic cells to tissues. How different tissues regulate the expression of distinct molecules through the same adrenergic signals is currently unknown. Oscillations in the expression of pro-migratory molecules by haematopoietic cells have also been described. Such molecules include CX 3 Cchemokine receptor 1 (CX 3 CR1) on CD8 + T cells 26 , and CXCR4 on T cells 26 and HSPCs 29 as detailed above. This argues for a contribution of both cell-autonomous and non-cell-autonomous mechanisms in the circadian Figure 2 | Rhythms in immune cell function. a | In mouse bone marrow and skeletal muscle, leukocyte recruitment from the blood is enhanced during the active phase (at night) owing to higher expression levels of chemokines and of adhesion molecules on both the endothelium and the haematopoietic cells. In peripheral tissues, the leukocyte molecules that have oscillating expression patterns and mediate circadian recruitment are not known but probably include CC-chemokine receptor 2 (CCR2), which is the receptor for CC-chemokine ligand 2 (CCL2), and the intercellular adhesion molecule 1 (ICAM1)-binding integrins LFA1 (also known as αLβ2 integrin) and MAC1 (also known as αMβ2 integrin). During the resting phase, lower expression levels of adhesion molecules and chemokines result in reduced leukocyte recruitment from the blood. Together with the enhanced mobilization of leukocytes from the bone marrow, this increases the numbers of immune cells in the blood. b | The graphs show the oscillation of factors known to contribute to the circadian trafficking of haematopoietic cells and the in-phase expression of pro-migratory factors. CXCL2, CXC-chemokine ligand 2; CXCR4, CXC-chemokine receptor 4; HSC, haematopoietic stem cell; VCAM1, vascular cell adhesion molecule 1.
Diurnal
A pattern that occurs during the day, in contrast to nocturnal.
Acrophase
The time at which the peak of a rhythm occurs.
recruitment of immune cells. Indeed, a combination of these mechanisms would enhance the efficacy of leukocyte-endothelial cell interactions by promoting the in-phase expression of receptor-ligand pairs.
The physiological role of circadian variations in leukocyte trafficking is currently unclear. In the bone marrow, the circadian homing of neutrophils may serve as a feedback mechanism that enables bone marrow stromal cells to sense leukocyte concentrations in the blood and trigger the next round of cyclical haematopoietic cell release. In peripheral tissues, the circadian recruitment of leukocytes to tissues (which is at its peak during the active phase) may exist to replenish resident leukocyte populations, and could thus contribute to the healing of muscle injuries (which are prevalent during physical activity) and maintain the immunosurveillance of the body. Immunosurveillance might represent its most important function, as rhythmic bacterial encounterswhich are likely to be maximal during the active phase -could have been a potent evolutionary driver for the circadian emigration of leukocytes.
There are conflicting data regarding whether the regulation of lymphocyte numbers in lymphoid tissues occurs in a cyclical manner. One study in rats reported that the proliferation of lymphocytes in the lymph nodes and spleen is increased during the day (during the resting phase) 30 , whereas other studies in mice have suggested that more lymphocytes are present in the thymus and spleen at night (during the active phase) 8, 31 . Therefore, the circadian trafficking behaviour of lymphocytes requires further study. Taken together, the data show that leukocyte trafficking across different tissues occurs in a circadian manner, orchestrated by the in-phase expression of cell adhesion molecules and chemokines. Ccl2, CC-chemokine ligand 2; CT, circadian time (actual time in hours; for example CT6 = 6 am); CX 3 CR1, CX 3 C-chemokine receptor 1; CXCL12, CXC-chemokine ligand 12; CXCR4, CXC-chemokine receptor 4; HSC, haematopoietic stem cell; ICAM1, intercellular adhesion molecule 1; IFNγ, interferon-γ; NK, natural killer; TLR9, Toll-like receptor 9; TNF, tumour necrosis factor; VCAM1, vascular cell adhesion molecule 1; ZT, zeitgeber time (time after the onset of light, with lights on at ZT0 and ZT24 and off at ZT12). 
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Circadian rhythms and disease Circadian response to acute inflammatory insults. It has been known since pioneering work of the 1960s and 1970s that the response of mice to various pathogens and their by-products (such as bacterial endotoxins and exotoxins), as well as to pro-inflammatory cytokines, is under circadian control 7, 9, [32] [33] [34] [35] [36] [37] . Collectively, these studies show that mice are highly sensitive to these factors towards the beginning of the active phase (that is, in the early evening). When exposed to high, non-physiological doses at this time of day, the immune response overreacts, leading to greatly reduced survival. This response is incompletely understood but appears to be tightly balanced to detect and fight low levels of pathogens encountered locally under physiological conditions when antigen exposure is maximal. The phenomenon may be due to a combination of factors (FIG. 3) . One, increased expression of adhesion molecules and chemokines at the beginning of the active phase provides greater leukocyte infiltration into the tissue 7 (see above). This results in higher numbers of activated leukocytes in tissues and an increased potential for tissue damage.
Two, mice exhibit an enhanced sensitivity to detect and respond to pathogens during the active phase owing to increased expression of components of the innate immune system. Such components include the patternrecognition receptor Toll-like receptor 9 (TLR9) 9 , as well as CD14, nuclear factor-κB (NF-κB) inhibitor-α (IκBα) and the transcription factors RELA (the p65 subunit of NF-κB), FOS and JUN -which are downstream components of the TLR4 signalling pathway 8 . Mice stimulated with a TLR9 agonist showed circadian oscillations in the expression of Tnf and CC-chemokine ligand 2 (Ccl2) that peaked during the active phase. Moreover, mice that carry a nonfunctional Per2 gene (Per2 Brdm1 ), and thus have disrupted circadian rhythms, expressed substantially lower levels of Ccl2 mRNA than wild-type mice 9 . In a separate study, stimulation with the TLR4 ligand lipopolysaccharide (LPS) at the beginning of the active phase yielded markedly elevated serum levels of IL-6, IL-12, CCL2, CCL5 and CXCL1 compared with stimulation at the beginning of the resting phase 38 . This was shown to be dependent on the expression of clock genes, as Bmal1 −/− macrophages and Nr1d1 −/− mice (which are deficient for REV-ERBα) did not exhibit these oscillations 38 . The high cytokine levels released at this time point probably exacerbate the ongoing local inflammation. The mouse Tlr9 promoter region has two non-canonical E-boxes, to which the BMAL1-CLOCK heterodimer can bind 9 , providing an immediate functional link between innate immunity and circadian rhythms 8, 9 . Three, leukocytes display higher phagocytic ability and cytotoxicity during the active phase [39] [40] [41] , although whether this is directly regulated by clock genes is currently unknown. Interestingly, such circadian responses to acute inflammatory insults are not restricted to mammals but are also seen in flies and plants, indicating that diverse organisms are adapted to maximize immune reactions at times when encounters with pathogens are most likely to occur [42] [43] [44] [45] [46] [47] [48] . In mice, it is conceivable that these responses would peak at the beginning of the phase of physical activity, when the mouse starts feeding and exploring the environment. By contrast, for the plant Arabidopsis thaliana, the oscillations in these responses depend on the activity phase of the plant's pathogen, downy mildew, which disperses its infectious spores at dawn 48 .
Circadian timing in disease manifestations. Several chronic diseases are known to exhibit circadian exacerbations in their symptoms or presentations [49] [50] [51] [52] [53] [54] (TABLE 2) .
For example, patients with rheumatoid arthritis experience joint stiffness in the early morning, which has been correlated with enhanced serum levels of TNF and IL-6 (REF. 50 ). Susceptibility to cardiovascular complications such as stroke and myocardial infarction also peaks at this time 51, 52, 55 . This has been linked to a surge in the , and TLR4-associated factors on tissue macrophages. TLR9 and TLR4 recognize microbial CpG DNA and lipopolysaccharide (LPS), respectively, and trigger signalling events that lead to the cyclical release of the pro-inflammatory cytokines tumour necrosis factor (TNF) and interleukin-6 (IL-6). These cytokines can induce inflammation both locally and systemically, resulting in the recruitment of leukocytes from the circulation to combat infection. Leukocyte trafficking is also under circadian control, both in terms of the release of these cells from the bone marrow and their recruitment to tissues. Their cyclical recruitment to tissues is due to the oscillating expression of pro-migratory factors such as intercellular adhesion molecule 1 (ICAM1) on endothelial cells. Rhythmic increases in leukocyte-endothelial cell interactions can contribute to the obstruction of blood flow in small-calibre vessels by exacerbating leukocyte activation. This promotes the interaction of these leukocytes with other free-flowing blood components, such as red blood cells, and potentially causes thrombus formation and vascular infarction (as observed in sickle cell disease). fMLP, N-formyl-methionyl-leucyl-phenylalanine; LFA1, lymphocyte function-associated antigen 1.
activity of the sympathetic nervous system in the early morning, which leads to increased blood pressure as well as enhanced viscosity and coagulability of the blood and thus a predisposition to thrombosis 56 . In addition, recent evidence suggests that ischaemic cells in the brain can release peroxiredoxins -cytosolic antioxidant proteins that are vital for redox balance and are conserved markers of circadian rhythms 2 . These proteins can bind to TLR2 and TLR4 on brain-infiltrating macrophages, inducing the release of IL-23 and the recruitment of pro-inflammatory IL-17 + T cells, which may aggravate brain damage 57 . In addition to the increased occurrence of myocardial infarction in the morning, infarct sizes were also found to be larger at this time of day, suggesting that rhythmic leukocyte infiltration could have a contributing role 58 . It is intriguing that the number of leukocytes in blood correlates with the incidence of cardiovascular events 59 . Leukocyte adhesion plays a crucial part in sickle cell vaso-occlusion, as mortality is prevented in mice deficient in both P-selectin and E-selectin 60, 61 . The time of day affects vaso-occlusive events in both humans 49 and mice 7 , further supporting the contribution of such events to the circadian variations in the onset of vascular diseases. It is likely that multiple circadian clock-regulated cellular and humoral factors modulate disease onset and progression.
Chronopharmacology
Clock genes are linked to the expression of pro-inflammatory cytokines, such as IL-6, TNF and CXCL1 (REFS 38, 62) , and have been implicated in a variety of diseases, including the development of cancer [63] [64] [65] .
Cry1
−/− Cry2 −/− macrophages are arrhythmic and produce enhanced levels of all three cytokines 62 . This does not seem to be due to direct transcriptional regulation but rather has been linked to the loss of CRY binding to adenylyl cyclase, resulting in enhanced levels of cyclic AMP and constitutive protein kinase A and NF-κB activity 62 . It is currently unclear whether an association with disease is due to a general alteration of circadian rhythms or an impaired activity of the clock genes. However, at least in Nr1d1 −/− animals -which have elevated and non-oscillating IL-6 levels after LPS stimulation compared with wild-type mice but otherwise robust circadian oscillations -a direct transcriptional activity of REV-ERBα in the regulation of IL-6 appears to be important 38 . In humans, the impact of altered rhythms on health has been relatively well characterized and is generally accepted. Both frequent jetlag and shift work are associated with the development of cancer [66] [67] [68] . In addition, evidence exists that the preservation of circadian rhythms facilitates better recovery in a caecal ligation and puncture (CLP)-induced rat model of sepsis 69 . Animals that were transferred to constant conditions after CLP exhibited substantially reduced survival compared with rats left under a 12 hour light-dark cycle 69 , indicating that strictly enforced daily lighting patterns in the intensive care unit could improve the recovery of patients with sepsis. An improved understanding of circadian rhythms in the immune system will give us a better appreciation of how to improve on current therapies by taking into account chronopharmacological considerations.
Ongoing studies aim to time the administration of drugs such that they have peak efficacy but minimal side effects [70] [71] [72] . For this, drug pharmacokinetics and pharmacodynamics need to be taken into consideration 73 . In a vaccination model, Fikrig and colleagues showed that lymphocyte cultures harvested from mice that were immunized at the time of enhanced TLR9 responsiveness (in the active phase) with a vaccine that contained a TLR9 ligand as the adjuvant exhibited an increased antigen-induced proliferative response and higher levels of IFNγ production 4 weeks later 9 . Synthetic oligodeoxynucleotides that trigger TLR9 may prove to have long-lasting effects by enhancing the antibody titre in vaccination strategies when administered at the time of highest TLR9 expression (which presumably occurs in the morning in humans).
The cyclical homing and mobilization efficiencies of HSCs could be clinically exploited to enhance the isolation of mobilized HSCs at the acrophase in the blood (which occurs at night in humans) 29 . These cells should then be transplanted back at the peak of HSC homing activity to the bone marrow, which is predicted to be during the day in humans 7 . The use of β3-adrenergic receptor agonists could also improve engraftment, as CLP, caecal ligation and puncture; CT, circadian time (actual time in hours; for example CT6 = 6 am); ICAM1, intercellular adhesion molecule 1; IL, interleukin; LPS, lipopolysaccharide; RBC, red blood cell; TLR9, Toll-like receptor 9; TNF, tumour necrosis factor; WBC, white blood cell; ZT, zeitgeber time (time after the onset of light, with lights on at ZT0 and ZT24 and off at ZT12).
these agents induce the expression of homing receptors (namely, P-selectin, E-selectin and VCAM1) by bone marrow endothelial cells, and such receptors are associated with enhanced recruitment of HSCs 7 . A more general approach to reset circadian rhythms comes in the form of synthetic REV-ERB agonists, which in an animal model of obesity led to increased energy expenditure and may thus be important in treating metabolic diseases 74 . With regard to the immune system, the REV-ERB ligand GSK4112 has recently been shown to suppress the expression of IL6, CXCL11, CXCL6 and CCL2 in primary human macrophages stimulated with LPS 38 . These recent developments suggest that immunochronotherapy should be further studied, as it could represent a useful ally to existing therapeutic regimens. In addition, the time of day should be taken into account when harvesting human tissue samples (such as blood and biopsies), as circadian rhythms may introduce considerable variability among samples. The same holds true in experimental settings using preclinical animal models, as the immune response can vary significantly over the course of a day.
Conclusions
Numerous studies have provided strong links between circadian rhythms and the immune system. However, much work remains to be done with regard to implementing these observations in the clinic and integrating the breadth of circadian influences into a multifaceted immune response. One could envision that simple changes in therapeutic practices that take into account the time of day may affect clinical care as much as the development of a new drug, at a fraction of the cost. A greater mechanistic understanding of rhythms in the immune response will be crucial to identify new opportunities in the development of time-based interventions that harness endogenous predispositions.
